Objectives: While recent studies suggest a converging role for genetic factors towards risk for nosologically distinct disorders including autism, intellectual disability (ID), and epilepsy, current estimates of autism prevalence fail to take into account the impact of comorbidity of these neurodevelopmental disorders on autism diagnosis. We aimed to assess the effect of potential comorbidity of ID on the diagnosis and prevalence of autism by analyzing 11 years of special education enrollment data.
STRENGTHS AND LIMITATIONS
• We present a large-scale population study of autism prevalence using longitudinal data from 2000-2010 on approximately 6.2 million children enrolled in US special education.
• We provide one possible but compelling explanation for increase in autism prevalence and show that current ascertainment of autism is based on single facet of clinical features without considering other comorbid features such as intellectual disability
• We are not able to dissect the exact frequency of comorbid features over time as US special education allows for enrollment under only one diagnostic category and does not document comorbidity information.
• This study examines how comorbidity of related phenotypes such as ID can impact estimates of autism prevalence and does not assess other factors reported to impact autism prevalence.
INTRODUCTION
Autism is a neurodevelopmental disorder characterized by impairments in social reciprocity, speech and communication, and restricted, repetitive and stereotyped patterns of behavior 1 .
Several epidemiological reports have suggested an apparent increase in the prevalence of autism [2] [3] [4] . A recent study by the United States Center for Disease Control estimated the prevalence of autism among 8-year-old children, within the Autism and Developmental Disabilities Monitoring (ADDM) network sites in 2010, to be 1 in 68 children 5 . This estimate was a documented 123% increase in prevalence when compared with the data from 2002 (1 in 150 children). Another study, based on a population screening of 7-to 12-year-old elementary school children in a South Korean community in 2006, estimated an overall autism prevalence of 1 in 38 children 6 .
While the rise in autism prevalence has been attributed to various factors including increased awareness 7 and broadening of the diagnostic criteria 3 4 , significant clinical heterogeneity and the non-specific molecular etiology of autism have precluded robust estimates of prevalence 8 9 . Further, there is a documented clinical overlap or comorbidity of nosologically distinct neurodevelopmental disorders 10 11 . For example, premorbid social impairment or pervasive developmental disorders (PDD) have been observed in 50-87% of individuals with childhood-onset schizophrenia [12] [13] [14] [15] [16] . Similarly, features of intellectual disability (ID) have been reported in as high as 68% of individuals with autism 17 , and epilepsy and attention-deficit hyperactivity disorders (ADHD) have been reported to co-occur in as high as 38.3% and 59%, respectively, of children with autism 9 18 19 . Accumulating evidence from genomic studies suggests a converging role for genetic factors towards a common molecular etiology for these varied neurodevelopmental disorders 12 20-22 . Although the epidemiological studies, to date, report statistically significant increases in the prevalence of autism, they fail to take into account the effect of the comorbidity of other disorders on the diagnosis and prevalence of autism. To better understand the effect of comorbid features on autism prevalence, we systematically analyzed 11 years (2000-2010) of epidemiological data on an average of 6.2 million children per
year from the United States special education enrollment. We examined the frequency and agespecific prevalence of autism and frequently comorbid clinical features. Our results suggest that comorbidity of ID can significantly impact diagnosis and confound prevalence estimates of autism.
METHODS

Special education data
The Individuals with Disabilities Education Act (IDEA) is a law originally enacted in 1975 that ensures services to children with disabilities, ascertained by 13 disability categories throughout the United States. We obtained special education enrollment data, i.e., the number of children receiving services under various disability categories, from publicly available databases (IDEA part B) for the 50 US states. The IDEA part B database includes annual state-by-state counts of children aged 3-21 years documented by their age and classification of disorder ( Figure S1 ). For the current study, we obtained enrollment data on approximately 6. (Table S1 ). Children recruited under the special education act are ascertained under only one disability category. However, reclassification to a different IDEA category is possible (e.g., an individual originally identified as having ID can be reevaluated and then reclassified into the autism category). Notably, school districts do not always use the Diagnostic and Statistical Manual of Mental Disorders criteria for classifying any of these diagnostic categories [23] [24] [25] . Further, the Department of Education's legal definitions of disorders under the IDEA categories are generalized allowing for a broader interpretation, and therefore, the ascertainment for each disorder may vary between different states 4 26 .
Data analysis
We used the United States intercensal estimates for ages 3-21 years for 2000 to 2010 to create proportions (number enrolled out of 10,000 children) for each ascertainment category. To assess the impact of comorbid features on autism prevalence, we estimated combined proportions of one or more related diagnostic categories including autism spectrum disorders (ASD), intellectual disability (ID), other health impairment (OHI), emotional disturbance (ED), and specific learning disability (SLD), whose phenotypes have significant comorbidity with autism 2 8 9 17 . We note that "developmental delay" was included within the intellectual disability category.
Throughout the manuscript, the term "autism" is used interchangeably with "ASD". We used simple linear regression to model the relationship between the year and prevalence of the phenotypic category. Using a nominal cut-off of p<0.05, we determined if the slope of each model was statistically significant. 2 17 we find a significant rise in the prevalence of autism from 1.2 per 1,000 in 2000 to 5.2 per 1,000 in 2010 (331% increase; linear regression, p=4.58×10 -10 ) within the US special education population ( Figure 1 ). However, significant decrease in prevalence from 8.3 per 1,000 in 2000 to 5.7 per 1,000 in 2010 was observed for ID (31% decrease, p=3.1×10 -10 ). Significant decreases were also seen for categories of emotional disturbance (22%, p=6.1×10 -5 ), and specific learning disability (19%, p=4.1×10 -8 ) (Table S2) .
RESULTS
Consistent with recent reports
Based on recent studies suggesting common molecular etiology 10 and documented reports of comorbidity of autism and other neurodevelopmental disorders 8 , we hypothesized that estimates of autism prevalence are confounded by the presence of comorbid phenotypes. We tested the impact of comorbidities on the prevalence of autism by first combining all related neurodevelopmental phenotypes whose prevalence changed significantly over the 11-year period. The combined prevalence of autism, ID, specific learning disability, and other health impairment did not change significantly from 2000 to 2010 (51.0 per 1,000 in 2000 to 50.3 per 1,000 in 2010; p=0.19) suggesting that the prevalence of autism is influenced by related comorbid phenotypes ( Figure S2 ).
Interestingly, when only the prevalence estimates of autism and ID were considered together, the combined prevalence increased by 15% (9.5 per 1,000 in 2000 to 10.9 per 1,000 in 2010, p=1.7×10 -6 ) ( Figure 1A ). This increase is 22-fold less than the increase seen for autism prevalence alone (331% vs. 15%), suggesting that a potential diagnostic recategorization from ID to autism can account for a significant amount of autism prevalence. In order to determine the ages at which these changes were most significant, we analyzed the age-specific changes in prevalence for autism and ID for the ages between 3 and 21 years. We found that an increase in autism prevalence, specifically across ages 3 to 18 years, corresponded to a decrease in the prevalence of ID ( Figure 1B) . These changes in autism prevalence compared to those in ID allowed us to calculate the possible magnitude of diagnostic recategorization from ID to autism.
For example, at age 8 years, up to 59% of the increase in autism prevalence could be attributed to a diagnostic recategorization of ID. On an average, between the ages of 3 and 18 years the decrease in ID prevalence equaled 64.2% of the increase of autism prevalence. These estimates rise to as high as 97%, at age 15 years, with potential recategorization contributing to a 35-fold change in autism prevalence from 2000 to 2010 (Table S3 ). Further, older children (ages from 10 to 18 years) with ID were more likely to have a shift of diagnosis towards autism than younger children (ages from 3 to 9 years) (Mann Whitney test, p=0.007) ( Figure S3 ). We also found that autism and ID can be distinguished based on age-prevalence. When evaluated by age, the prevalence of autism peaked between ages 7 and 9 years, while the age-specific prevalence for ID peaked between ages 11 and 19 years ( Figure S4 ).
To assess if the autism diagnostic criteria are uniform across all US states, we compared the prevalence of autism with the prevalence of ID over the 11 years. We observed negative correlations, at significant levels, between the prevalence of autism compared to that of ID (Pearson's correlation, r=−0.26, p=1.10×10 -9 ) when all US states were considered together ( Figure 2 ). Interestingly, these correlation estimates were higher for some US states than others (Table 1) . US states with a higher prevalence rate for ID were more likely (Mann Whitney test, p=0.0476) to show a negative correlation with autism prevalence than those states with a lower prevalence of ID ( Figure S5 ).
DISCUSSION
We analyzed one of the largest cohorts of longitudinal special education population data, through which we observed a 331% increase in the 11-year autism prevalence. This trend disappeared when the combined prevalence of autism and its frequently comorbid features were considered ( Figure S2 ). The phenomenon of diagnostic recategorization has been noted previously 3 4 , however, the magnitude of effect from comorbid features have not been documented. Our study shows a 22-fold drop in prevalence increase when considering the prevalence of a broader neurodevelopmental disorder category including both autism and ID. Further, for children between ages 3 and 18 years, an average of 64.2% of the increase in prevalence of autism can be accounted for by a concomitant decrease in the prevalence of ID. The proportion of ID cases potentially undergoing diagnostic recategorization to autism was higher among older children (75%) than younger children (48%). These results suggest that comorbid features can confound true prevalence estimates of the autism disorder. We also found that the disability categories within the special education data showed distinct age-specific prevalence rates. For example, prevalence estimates peaked between ages 7 and 9 years for autism and between ages 11 and 18 years for ID ( Figure S6 ). These prevalence peaks suggest distinct developmental trajectories and specific diagnostic windows for certain comorbid phenotypes. Interestingly, one recent study found that older children with autism were more likely to retain their diagnosis than those diagnosed at a younger age suggesting the complexities associated with using one set of identifiable features as diagnostic criteria 27 . It is likely that older children are more severely affected manifesting intellectual disability and other comorbid phenotypes at a later age.
In this study, we primarily focus on the comorbidity of autism and ID; however, we note that other disorders can also potentially contribute to a diagnostic recategorization to autism. For example, a significant negative correlation was observed between the prevalence of autism and that of specific learning disability ( Figure S6 ). While we also found a significant negative correlation between the prevalence of autism and that of ID for all the US states as a whole, when assessed individually, not all states showed the same strength of correlation. For example, North Dakota, Vermont, and Georgia showed the strongest correlation coefficients (-0.999, -0.998, -0.997, respectively). However, states such as Arizona, New Jersey, and Wyoming showed less strong correlation coefficients (-0.625, -0.621, -0.749, respectively) and certain states, such as California, New Mexico, and Texas, showed no correlation at all. While the differential rates of autism prevalence reflect differences in ascertainment in special education schools across the US states, documented evidence of inconsistency in ascertainment even among groups following set diagnostic criteria suggests extensive heterogeneity of the disorder 28 .
In fact, a recent study found the prevalence of autism and ID to be associated with state-related regulatory factors, and even found strong correlations between smaller, county-related factors and autism and ID prevalence 5 . Another report in 2001 found the prevalence of autism within The Brick Township, New Jersey, to be significantly higher than that of the US 23 . Further, Davidovitch and colleagues found a lower prevalence of autism among an Israeli population compared to the US 29 . A recent study in the United Kingdom using the UK General Practice Research Database showed a strikingly similar incidence of autism over a period of 10 years suggesting no apparent increase in prevalence rates 30 . These examples indicate variability in ascertainment of children with neurodevelopmental disorders across different regions, and highlight an importance for large-scale studies of autism prevalence to take these health policy variations into account.
Several clinical studies have documented varying percentages of comorbid features
suggesting that comorbidity in autism is the norm rather than the exception. Changes in nosology as suggested by revisions to the DSM have certainly contributed to the deviations from the original description of autism. This is reflected by the fact that only 81.2% of children previously diagnosed with autism by DSM-IV met the criteria according to DSM-V 31 .
However, studies estimating prevalence of autism seem to focus on one dimension of clinical features, often ignoring other comorbid features. For example, 40.2% of individuals identified with autism by the ADDM network were actually enrolled under eight different special education categories other than autism ( Figure S7 ). These rates also varied among states within the ADDM network, further suggesting a major impact by state-specific policies. While it would be important to understand how these comorbidity rates change over time, one limitation of the IDEA dataset was that individuals were only placed into a single diagnostic category.
The relatively high rate of comorbidity within autism may be due to a wide array of common genes implicated in many neurodevelopmental disorders 32 . Further, core components in autism diagnosis show a documented overlap in clinical features such as language impairments 33 . Interestingly, when individuals with classically defined genetic syndromes were evaluated for autism using standardized instruments, higher frequency of autistic features were observed. In fact, some of these were never thought to be an autism disorder. For example, the frequency of autism in Smith-Magenis syndrome, a disorder characterized by severe intellectual disability/multiple congenital anomalies, was reported to be as high as 90% 34 (Table 2) . While these studies suggest that autistic features are pervasive in neurodevelopmental disorders, it is possible that many autism diagnosis instruments lose specificity when applied to severe intellectual disability disorders. These factors may create a confounding effect on autism diagnosis.
In conclusion, we propose that nosologically distinct neurodevelopmental phenotypes are not necessarily independent entities and can appear during early or late developmental stages and coexist as comorbid features in an affected individual. We find that a significant proportion of individuals with autism also have a range of comorbid features, which may confound diagnosis, affecting the perceived prevalence of autism. This may be due to the emphasis given to the autism component of their diagnoses, as compared to emphasis on the comorbid features in the past years. The differences in the relative severity of each of these comorbid features can complicate definitive diagnosis. Evidently, because these features co-occur to a large extent, they transcend diagnostic boundaries and contribute to the variability and severity as well as confound disease ascertainment. It is therefore clear that the patterns of underlying genetic etiology neither map well onto current disease "models" nor respect the DSM categories 35 36 .
Large-scale longitudinal studies with detailed phenotyping and deep molecular genetic analyses are necessary to completely understand the cause and effect of these "disease models". It is important that future studies of autism prevalence take these factors into account. 
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